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Origin of the First Sharp Diffraction Peak in the Structure Factor of Covalent Glasses
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A model is proposed for the “first sharp diffraction peak” (FSDP) in glasses. The FSDP is a
chemical-order prepeak due to interstitial volume around cation-centered structural units. Calculated
FSDP positions of some covalent glasses agree well with experiment, and the anomalous temperature
and pressure dependences of the FSDP can be understood in terms of density effects.

PACS numbers: 61.42.+h

There is much current interest in the medium-range or-
der (MRO) of covalent glasses [1]. MRO can be regard-
ed as comprising structural correlations, say, in the range
~5-10 A, in excess of those expected for an ideal
Zachariasen-type continuous-random network (CRN)
characterized by a random dihedral-angle distribution
[1]. Examples of MRO include preferred values of
dihedral angle and also “superstructural” units, such as
rings or clusters of atoms, present in a proportion greater
than expected for an ideal CRN [2].

One manifestation of MRO in covalently bonded
glasses is the so-called “first sharp diffraction peak”
(FSDP) (or “prepeak™) in the structure factor S(Q).
The FSDP is anomalous in a number of ways [3]: There
is a negligible change in the real-space correlation func-
tion whether or not the FSDP is included in the Fourier
transformation of S(Q), indicating that the FSDP is a
manifestation of rather subtle intermediate-range correla-
tions; the intensity of the FSDP reversibly increases with
increasing temperature [4], unlike the other features in

S(Q) which behave in the normal manner expected from
the Debye-Waller function; and finally the FSDP is more
sensitive than the other peaks in S(Q) to the application
of pressure, its intensity decreasing with increasing pres-
sure [5,6]. Although the FSDP occurs at widely varying
values of scattering vector Q, for different glasses (see
Refs. [3,71), the FSDPs lie at approximately the same
positions [8] when the structure factor for each glass is
plotted against the reduced coordinate Q,r;, where r; is
the nearest-neighbor bond length. Table I shows experi-
mental values of Q, of AX,-type glasses and calculated
values Q1, scaled to the values pertaining to v-SiO»; it can
be seen that the two sets of values are in remarkably close
agreement.

Very recently, a well-defined, but as-yet unexplained,
correlation has been demonstrated between values of
Q.r, for the FSDP and the reduced wave vector Q
=wnuc/v corresponding to the low-frequency ‘“‘boson”
peak in Raman spectra [9] (where ®,, is the frequency of
the boson peak, v is the sound velocity in the glass, and ¢

TABLE 1. Positions of the first sharp diffraction peak (FSDP) for AX, glasses. Q) are ex-
perimental values, Qi are values obtained by scaling the value corresponding to a-SiO» using
the primary bond length r1(4-X), and Q{ are values obtained from Eq. (3) or (4) using the

cation-cation distances d(A4-A4).

Glass (4X3) 01 A7 r-x)(A) d4-4) A) Qi (A7) QoA™Y
SiO; 1.522 1.61° 3.12¢ (1.52) 1.51 [Eq. (3)]
SiO; (pressurized) 1.69% 1.63° 2,94 e 1.63 [Eq. (3)]
GeO> 1.55¢ 1.74¢ 3.18¢ 1.41 1.48 [Eq. (3)]
BeF, 1.63F 1.54° 3.09f 1.59 1.53 [Eq. (3)]
ZnCl, 1.098 2.29¢ 3.7¢ 1.07 1.16 [Eq. (4)]
GeS; 1.04" 2.231 3.787 1.10 1.17 [Eq. ()]
GeSe» 1.01% 2.38% 3.57k 1.02 1.11 [Eq. (4)]
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is the speed of light).

Many attempts have been made to explain the origin of
the FSDP in glasses (see, e.g., Refs. [2,3]). These can be
divided into two classes: One assumes that the FSDP is a
distinct feature and represents a single Fourier com-
ponent in reciprocal space, corresponding to a
(quasi)periodic arrangement of atoms in real space which
extends over a given coherence length; the other treats
the FSDP as simply being the first (i.e., lowest Q), and
most intense, peak of a rapidly decaying structure factor
D,,(Q) accounting for “intermolecular”-type correlations
in real space between “‘clusters,” if the overall measured
structure factor S(Q) can be partitioned into two terms,
viz. D, (Q) and f,,(Q) [where f,,(Q) is an intramolecu-
lar form factorl, as for molecular liquids [10,11]. The
first viewpoint has found favor in the past because many
of the crystalline analogs of chalcogenide glasses have
layered structures, and this layer motif has been taken to
be the repeating structural unit in the glass, with the posi-
tion of the FSDP, Q,, determined by the interlayer sepa-
ration D via the relation Q,~2xn/D [4,12-14]. More re-
cently the role of interlayer correlations between locally
2D structural arrangements in the glass (not necessarily
the same as in a crystalline arrangement) has also been
stressed [15,16]. However, it is most unlikely that this
quasicrystalline picture involving interlayer correlations is
generally valid. Some glasses (e.g., SiO,) clearly exhibit
FSDPs, yet there is no evidence in these cases for the
structure in either crystalline or amorphous form being
layerlike or locally two dimensional. Furthermore, the
FSDP of, e.g., GeSe, persists into the liquid phase
[17-19], seeming to rule out a microcrystalline explana-
tion for its origin. Finally, x-ray-scattering experiments
on very thin films of a-GeSe; have revealed that S(Q) is
independent of film thickness [20], indicating that prefer-
ential layerlike correlations probably do not exist.

Other authors [3,21] have emphasized that packing
considerations, perhaps involving (ill-defined) clusters,
are responsible for the FSDP. One example where this is
indubitably true concerns as-deposited amorphous arsenic
[22] and arsenic sulphide [8] films, where the scattering
from quasispherical Ass and AssS4 molecules, respective-
ly, has been shown to give rise to an intense FSDP. For
well-annealed films or bulk glasses the structural identi-
fication of the ‘“clusters” is more problematic [3]. How-
ever, it is significant that many experimental and theoret-
ical studies have shown that the FSDP for, say, an 4X,
glass (e.g., GeSe,) is determined by cation-centered (pri-
marily cation-cation, e.g., Ge-Ge) correlations. For in-
stance, differential anomalous x-ray-scattering measure-
ments on a-GeSe; [20,23], x-ray-scattering measure-
ments on a series of GeSe,-GeTe, glasses [24], Ge
isotopic-substitution neutron-diffraction studies of liquid
GeSe; [19], and molecular dynamics and other computer
simulations of the structure of glassy and liquid GeSe;
[25-27] all lead to this conclusion, implying that Ge-

712

centered clusters are the structural units associated with
the formation of the FSDP in a-GeSe,. It has also been
proposed [2,21,28] that the FSDP arises, not from inter-
cluster correlations themselves, but from the presence of
zones of low atomic occupancy [28]. These low-density
regions can then serve to define the spatial extent of the
clusters [21].

In this Letter, we ascribe the FSDP to a prepeak in the
concentration-concentration partial structural factor
Scc(Q) (in the Bhatia-Thornton formalism [29]) due to
chemical short-range ordering of interstices around cat-
ion-centered clusters. Our picture of the structure, of say
an AX, glass, for this purpose is thus an aggregate of soft
(i.e., overlapping) cation-centered quasispherical clusters
separated by the cation-cation distance d =r44, each
cluster being surrounded by an equal number of spherical
voids at a distance D. This simplified model obviously
makes no reference to the positions of the anions X locat-
ed in each cluster, and therefore is incapable of describ-
ing the total structure of the glass. However, for the
present purpose, this deficiency is immaterial since we are
only concerned with a consideration of the gross atomic
packing and its role in producing the FSDP.

Blétry has recently shown [30] that the structure of a
tetravalent monatomic amorphous material (e.g., a-Si or
Ge) can be represented approximately as a mixture of
spherical atoms and holes, having the same diameter and
concentration, arranged in a packing which maximizes
the local chemical short-range order. In this situation,
the general expression for the neutron-scattering cross
section in the Bhatia-Thornton formalism [29] reduces to
(301

do _ Nabi(Syn+Scc)
da 2

(1

[where N, and b, are the number and scattering length,
respectively, of the (cationic) atoms and Syy(Q) is the
number-number partial structure factor]l, since the
scattering length b. of a void is zero and also since the
number-concentration partial structure factor Syc(Q) is
zero for a substitutional mixture of equally sized spheres.
Equation (1) may be compared with the equivalent
Faber-Ziman relation expressed in terms of atom-atom
partial correlation functions, which reduces in this situa-
tion to

99 N, b25.0(Q) . )
Thus, it can be seen [30] that the first peak in the mea-
sured structure factor S,,(Q), i.e., the FSDP at Q,, cor-
responds to the prepeak in Scc(Q), indicative of short-
range chemical ordering, and the second peak at Q» cor-
responds to the first peak in Syy(Q). Blétry has shown
that

Q,=3n/2d (3)
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in the case where atoms and voids have the same diame-
ter, d =D. When there is a size difference, given by the
ratio §=D/d =1+¢, the FSDP peak is shifted to the
value [30]

_3z(1—¢/2)
0 YR

The above relations can be used to obtain estimates for
the position of the FSDP of, for example, 4X; glasses, if
values for d =r(A4-A), the nearest-neighbor cation-cation
separation, and D =r(4-V'), the average cation-void sep-
aration, are known. In the case of a-SiO,, these quanti-
ties have been found during our recent void analysis [31]
of a molecular-dynamics structural model [32]. A well-
defined nearest-neighbor peak in the Si-void partial radial
distribution function (RDF) was observed at D =3.2 A
which, taken together with the value [32,33] for the Si-Si
separation d =3.12 A, yields an estimate for the position
of the FSDP of @, =1.51 A ™!, using Eq. (3) (the size-
difference parameter ¢ is nearly zero in this case). This
theoretical estimate is very close to the value observed ex-
perimentally (see Table I).

This approach can be extended to other AX; glasses.
However, this analysis is hampered because of our pauci-
ty of knowledge concerning the distribution of voids in
the structure of these materials. Nevertheless, the most
important parameter in determining Q, is d =r(A4-A4)
and this can often be inferred approximately from experi-
mental scattering data or from the partial RDFs resulting
from modeling studies. Furthermore, a very rough esti-
mate for the average cation-void distance D, and hence
an indication of the magnitude of the size-difference pa-
rameter &, can be obtained for other AX; glasses by scal-
ing the values corresponding to v-SiO,. For example, if it
is assumed that the average distance between void center
and the “boundary” of the anion atom (corresponding to
the van der Waals radius R) is constant, an estimate for
D can be obtained by scaling with respect to r1(4-X), d,
and R. In this way, theoretical values for the FSDP posi-
tion Q1 can be obtained using Egs. (3) and (4), and are
given in Table I. It can be seen that in general there is
good agreement between theoretical estimates and experi-
mental values of Q.

Blétry [30] has already considered the case of the ele-
mental amorphous materials, a-Ge and Si. In the ab-
sence of twofold-coordinated chalcogen atoms, the struc-
tural packing is somewhat tighter and the “clusters” in
this case are the atoms themselves. Thus, d is now simply
the nearest-neighbor interatomic separation and, since
this is appreciably smaller than the separation r(A4-A) in
say AX> glasses, the FSDP position is at a corresponding-
ly larger value of Q [30].

The scaling of the FSDP position with primary bond
length r,(A4-X) for different AX, glasses (see Table 1) is
naturally understandable from Eq. (3) since, if the bond
angle subtended at the anion, 6,, remains constant,

4)

d=r(A4-A4) scales directly with r,. However, if 6, also
decreases as r1(A-X) increases (e.g., for SiO,— GeSe,),
the increase in @, (caused by the diminution in d due to
the decrease in 6,) is offset by an increasingly sublinear
contribution of the size-effect term (1 —¢/2) in Eq. (4),
with the overall result that effectively Q, remains scaled
by the bond-length factor r,(4-X).

This model also enables the effects of pressure to be
understood. Measurements of the FSDP of chalcogenide
glasses at high pressure [5,6], and of permanently
densified v-SiO; after the application of pressure [34],
have revealed that Q, increases and the FSDP intensity
decreases with increasing pressure. Magic-angle-spinning
2Si NMR studies [35] of pressure-densified v-SiO, have
revealed that the average bond angle 8y decreases by ap-
proximately 5°, implying a reduction in the Si-Si separa-
tion to d~2.9 A. Structural modeling using molecular
dynamics supports this picture, although the changes are
not readily discernible in neutron-scattering data [34].
Use of this value of d| with Eq. (3) yields an estimate for
0Q1~1.63 A ™!, in good agreement with the experimental
value [34] of Q,~1.69 A ™! (see Table I). The marked
decrease in intensity of the FSDP with increasing pres-
sure [5,6,34] is also understandable. Application of pres-
sure causes a densification of the glass structure [34], i.e.,
a diminution of the interstitial volume. Thus, it is expect-
ed that the FSDP intensity should correspondingly de-
crease.

The anomalous temperature dependence of the FSDP
[4] in chalcogenide glasses can also be understood in the
framework of the present model. Vashishta and co-
workers [25-27] have shown, using molecular dynamics
and other computer simulations of the structure of a-
GeSe,, that only the FSDP in the structure factor exhib-
its an anomalous increase in peak intensity with decreas-
ing density at constant temperature; at fixed density, all
peaks in S(Q) decrease in intensity with increasing tem-
perature. The anomalous temperature dependence of the
intensity of the FSDP is thus due to the decrease in densi-
ty of the glass with increasing temperature as the liquid
state is approached. This behavior is predicted by the
present model since the FSDP intensity is expected to
scale with the amount of void volume clustered around
cation-centered units in the structure.

Note added.— Penfold and Salmon [36] have very re-
cently reported isotopic-substitution neutron-diffraction
data on liquid GeSe, which are in accord with the inter-
pretation proposed in this paper. They find unambiguous
evidence from the partial correlation functions that
cation-cation (Ge-Ge) correlations are the dominant con-
tribution to the FSDP. Further, they find a prepeak in
in the atom-based Scc(Q), in contrast to the predictions
from molecular-dynamics simulations (Vashishia et al.
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